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BACKGROUND: A central challenge in toxicity testing is the large number of chemicals in commerce that lack toxicological assessment. In response,
the Tox21 program is re-focusing toxicity testing from animal studies to less expensive and higher throughput in vitro methods using target/pathway-
specific, mechanism-driven assays.

OBJECTIVES: Our objective was to use an in-depth mechanistic study approach to prioritize and characterize the chemicals affecting mitochondrial
function.

METHODS: We used a tiered testing approach to prioritize for more extensive testing 622 compounds identified from a primary, quantitative high-
throughput screen of 8,300 unique small molecules, including drugs and industrial chemicals, as potential mitochondrial toxicants by their ability to
significantly decrease the mitochondrial membrane potential (MMP). Based on results from secondary MMP assays in HepG2 cells and rat hepato-
cytes, 34 compounds were selected for testing in tertiary assays that included formation of reactive oxygen species (ROS), upregulation of p53 and
nuclear erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE), mitochondrial oxygen consumption, cellular Parkin translocation, and
larval development and ATP status in the nematode Caenorhabditis elegans.

REsuLTS: A group of known mitochondrial complex inhibitors (e.g., rotenone) and uncouplers (e.g., chlorfenapyr), as well as potential novel complex
inhibitors and uncouplers, were detected. From this study, we identified four not well-characterized potential mitochondrial toxicants (lasalocid,
picoxystrobin, pinacyanol, and triclocarban) that merit additional in vivo characterization.

ConNcLusIONs: The tier-based approach for identifying and mechanistically characterizing mitochondrial toxicants can potentially reduce animal use

in toxicological testing. https://doi.org/10.1289/EHP2589

Introduction

Humans are exposed daily to numerous naturally occurring and
man-made chemicals, some of which may adversely affect health.
Furthermore, each year, hundreds of new chemicals are synthe-
sized and introduced into commercial use (https://www.epa.gov/
tsca-inventory/about-tsca-chemical-substance-inventory). Currently,
in the United States, more than 80,000 chemical compounds have
been registered in commerce, with 15,000 used in large volume
(NIEHS 2017). Toxicological profiles for most of these chemicals
are inadequate or nonexistent (Dix et al. 2007). To meet the needs
for rapid assessment of the potential toxicity of these chemicals,
the Tox21 program, a multi-agency collaboration of the National
Institutes of Health (NIH), the U.S. Environmental Protection
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Agency (EPA), and the Food and Drug Administration (FDA), has
utilized a quantitative high-throughput screening (qQHTS) approach
to profile a library of ~ 10,000 samples (~ 8,300 unique struc-
tures), referred to as the Tox21 10K library, in a battery of bio-
logically relevant cell-based assays (Kavlock et al. 2009; Shukla
et al. 2010; Tice et al. 2013). Data sets generated from these
assays are being used to identify mechanisms of compound
action (Attene-Ramos et al. 2015; Chen et al. 2015; Hsu et al.
2014; Huang et al. 2014), prioritize chemicals for more extensive
toxicological evaluation, and develop predictive models of in vivo
biological responses (Huang et al. 2016; Judson et al. 2015;
Rotroff et al. 2014).

Mitochondria play a central role in cellular metabolism
including heme, fatty acid, and steroid synthesis; metabolic cell
signaling; oxidative phosphorylation; Ca®* homeostasis; and ap-
optosis (Lenaz et al. 2002; Ravagnan et al. 2002; Shaughnessy
et al. 2014). Evaluating changes in mitochondrial membrane
potential (MMP) using a homogenous (no wash step involved)
MMP assay (Sakamuru et al. 2012) is a useful initial screen to
assess for chemicals that disrupt mitochondrial function (Attene-
Ramos et al. 2013, 2015). Many mitochondrial poisons are
known complex inhibitors (e.g., rotenone and antimycin A) and
uncouplers (e.g., 2,4-dinitrophenol and carbonyl cyamide 4-(tri-
fluoromethoxy)phenylhydrazone, or FCCP) of oxidative phos-
phorylation. These chemicals cause MMP depolarization and
inhibit ATP synthesis (Wallace et al. 1997). A decrease in MMP
is also an early signaling event in apoptosis because depolariza-
tion of the mitochondrial membrane opens the mitochondrial per-
meability transition pore, which may lead to the release of
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apoptosis initiation factors such as cytochrome c¢ and trigger the
apoptosis cascade (Marchetti et al. 1996; Zamzami et al. 1996).
Previously, we screened the Tox21 10K compound library in
HepG2 cells using the MMP assay and identified 622 compounds
in 76 structurally related clusters that significantly decreased
MMP (Attene-Ramos et al. 2015). To prioritize this large number
of compounds for further in-depth investigation, we used a tiered
testing strategy (Figure 1). First, to verify the initial screening
results, we retested 595 of 622 compounds for which we had
sufficient remaining stock for testing in the same HepG2 MMP
assay; to this group of 595 compounds, we added 27 inactive
compounds structurally related to the identified active compounds
(total =622). We then screened these 622 compounds in the
MMP assay using rat primary hepatocytes to identify compounds
active in both cell types for further testing. Thirty-four com-
pounds that were active in both cell types, and that represented
different structurally related chemical clusters were purchased to
provide independent sourcing. These 34 compounds were further
investigated in the tier-two assays, which included assays that (a)
directly measure mitochondrial function by assessing MMP in
HepG2 cells, rat primary hepatocytes, and human neural stem
cells (hANSC); (b) measure production of reactive oxygen species
(ROS) as an indicator of mitochondrial damage/dysfunction; (c)
measure pathways related to mitochondrial dysfunction by assess-
ing up-regulation of nuclear erythroid 2-related factor 2/antioxi-
dant response element (Nrf2/ARE) in HepG2 cells and tumor
protein (p53) in HCT116 cells; (d) assess mitochondrial function
by measuring cellular respiration in isolated rat liver mitochondria
and measuring Parkin translocation as an indicator of autophagy
(Sun et al. 2016) in HeLa cells; and (e¢) determine developmental
effects and ATP levels in C. elegans. The approach we used in

this tiered testing scheme provides an efficient way to prioritize
compounds for more extensive toxicological evaluation while
reducing the need for animal use in toxicological testing.

Materials and Methods
Cells and Culture Conditions

Human hepatocellular carcinoma cells (HepG2) were purchased
from the American Type Culture Collection (ATCC). These cells
were cultured in Minimum Essential (Eagle) Medium (MEM)
containing 5 mM glucose (ATCC) supplemented with 10% FBS
(Hyclone Laboratories) and 50 U/mL penicillin and 50 pg/mL
streptomycin (Life Technologies) at 37°C in a humidified atmos-
phere with 5% carbon dioxide (CO;). Plateable cryopreserved
primary male rat (Sprague-Dawley) hepatocytes and CHRM®
medium were obtained from Life Technologies. The rat hepato-
cytes were thawed in a 37°C water bath and transferred into
CHRM® Medium. After centrifuging at 55 X g for 3 min, super-
natants were removed and rat hepatocytes were resuspended in
Plating Medium (Life Technologies) for use. Human neural stem
cells (hANSC; H9 hESC-Derived) and culture medium were
obtained from Life Technologies. To provide consistency across
assays, the cell lines used in the current study were limited to
those used in the HTS (high-throughput screening) assays already
established in the Tox21 program.

Reagents

Mitochondrial membrane potential indicator (m-MPI), a water-
soluble derivative of 5,5’,6,6'-tetrachloro-1,1’,3,3’-tetraethyl-
benzimidazolcarbocyanine iodide (JC-1), was obtained from
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Figure 1. Compound prioritization workflow. After primary concentration-response screening (by qHTS) (Attene-Ramos et al. 2015), in which each compound
was tested at 15 concentrations in three independent runs, 622 compounds were identified based on potency and efficacy in MMP assay and tested in the tier-
one assays. Thirty-four compounds were selected based on the tier-one assay results and further evaluated in tier-two assays. From this prioritization via multi-
ple assays, the 4 most potent mitochondrial toxicants (lasalocid, picoxystrobin, pinacyanol, and triclocarban), not previously tested for toxicological effects in
vivo, were identified. Note: hNSC, human neural stem cells; MMP, mitochondrial membrane potential; Nrf2/ARE, nuclear erythroid 2-related factor 2/antioxi-
dant response element; qHTS, quantitative high-throughput screening; ROS, reactive oxygen species.
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Codex Biosolutions. A subset of 34 Tox21 compounds was pur-
chased from Sigma-Aldrich, except for 2-hydrazino-4-(4-amino-
phenyl) thiazole, which was obtained from Oakwood Chemical, and
lasalocid sodium purchased from Santa Cruz Biotechnology.
Chemical Abstracts Service Registry Numbers (CASRN) for these
34 compounds are listed in Table 1. The purity of these compounds
ranged from 95% to 98%. Tetra-octylammonium bromide (CASRN
14866-33-2; purity >98%), menadione (CASRN 58-27-5; purity
>98%), beta-naphthoflavone (CASRN 6051-87-2; purity >98%),
mitomycin C (CASRN 50-07-7; purity >98%), and dimethyl sulf-
oxide (DMSO) (CASRN 67-68-5; purity >99.7%) were obtained
from Sigma-Aldrich.

Intracellular ATP Content Assay

HepG2 cells were suspended in the culture medium containing
either 5mM glucose or 10mM galactose and seeded at
2,000 cells/5 pL per well in 1,536-well white, solid bottom plates
(Greiner Bio-One) using a Multidrop Combi (Thermo Fisher
Scientific). After the cells were incubated at 37°C for 5 h, 23 nL of
compounds at 11 concentrations ranging from 1.6nM to 92 uM
(1.6nM, 4.7nM, 14nM, 42nM, 0.13 uM, 0.38 uM, 1.1 uM,
3.4 uM, 10 uM, 31 pM, and 92 pM final concentrations in the
well) were added to the assay plates by a Wako Pintool station
(Wako Automation). The assay plates were incubated for 40 h at
37°C, followed by the addition of 5 pL per well of CellTiter-Glo
reagent (Promega). After a 30-min incubation at room temperature
(RT), the luminescence intensity was measured using a ViewLux
plate reader (PerkinElmer).

MMP Assay

The MMP assay with fluorescence readout measures changes in mi-
tochondrial membrane potential. HepG2 cells (either in 5 mM glu-
cose or 10 mM galactose), hNSC, or rat hepatocytes were dispensed
at 2,000 cells/5 pL per well in 1,536-well black, clear-bottom assay
plates (Greiner Bio-One). The plates with HepG2 and hNSC were
incubated at 37°C for 18 h post seeding; rat hepatocytes were incu-
bated for 4 h post seeding. Then, 23 nL. of compounds were added
to the assay plate via a Wako Pintool station. The final concentrations
for the compounds are 1.6nM, 4.7nM, 14nM, 42nM, 0.13 uM,
0.38 uM, 1.1 pM, 3.4 pM, 10 uM, 31 puM, and 92 pM. The assay
plates were incubated for 1 h at 37°C, followed by the addition of
5 uL/well of Dye-loading Solution (Codex Biosolutions). After
the assay plates were incubated at 37°C for 30 min, fluores-
cence intensity (490nm excitation and 535nm emission for
green fluorescent monomers, and 540 nm excitation and 590 nm
emission for red fluorescent aggregates) was measured using an
EnVision plate reader (PerkinElmer). Data were expressed as
the ratio of 590:535 nm emissions.

ROS Assay

ROS-Glo™ hydrogen peroxide (H,O,) assay (Promega), a biolu-
minescent assay, measures the cellular level of H,O,, a ROS.
HepG2 cells were seeded at 3,000 cells /5pL per well in 1,536-well
white, solid-bottom plates (Greiner Bio-One) using a Multidrop
Combi (Thermo Fisher Scientific). After the cells were incubated
at 37°C for 18 h, 23 nL of compounds (final concentrations are
1.6nM, 4.7nM, 14nM, 42nM, 0.13 uM, 0.38 uM, 1.1 uM,
3.4 M, 10 uM, 31 pM, and 92 uM in the assay well) were
added to the assay plates using a Wako Pintool station, followed
by the addition of 1 pL/well of H,O, substrate solution. The
positive control was menadione at 230 uM. The plates were
incubated for 2 h at 37°C, followed by the addition of 4 pL/well
of luciferase detection reagent. After incubation for 20 min at RT,
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the luminescence intensity was measured using a PerkinElmer
ViewLux plate reader.

ARE and p53 f-lactamase Reporter Gene Assays

For ARE or p53 B-lactamase (Bla) reporter gene assays, ARE-bla
HepG2 cells or p53-bla HCT-116 cells (Life Technologies) were
dispensed at 2,000 cells/5 pL per well or 4,000 cells/5 pL per well,
respectively, in 1,536-well black, clear-bottom plates (Greiner Bio-
One). After incubation at 37°C for 6 h, 23 nL of compounds (final
concentrations are 1.6nM, 4.7nM, 14nM, 42nM, 0.13 uM,
0.38 uM, 1.1 uM, 3.4 pM, 10 uM, 31 pM, and 92 uM in the
assay well) were added to the assay plates using a Wako Pintool
station. After 16 h incubation, 1 pL. of LiveBLAzer™ (Life
Technologies) detection mix was added to each well and the plates
were subsequently incubated at RT for 2 h. Fluorescence intensity
at 405 nm excitation and 460 and 530 nm emissions was measured
by a PerkinElmer Envision plate reader. Data were represented as
the ratio of the 460:530 emission values.

Oxygen Consumption Measurement

Oxygen consumption by rat liver mitochondria was measured
using a pair of Clark-type oxygen electrodes integrated with the
Oxytherm System from Hansatech Instruments Ltd. For mito-
chondrial isolation, adult male Sprague-Dawley rats (12-14 wk
of age, 250-400 g body weight) from the FDA National Center
for Toxicological Research (NCTR) breeding colonies were
anesthetized by an intraperitoneal injection of Nembutal (Henry
Schein Animal Health) and then the liver was harvested to pre-
pare mitochondria. Animals used in the study and the proce-
dures were approved by the FDA NCTR Institutional Animal
Care and Use Committee. The combination of Nembutal anesthesia
and removal of the liver as well as thoracotomy were used for eu-
thanasia in this terminal surgical procedure. Guidelines described
in the NIH’s Guide for the Care and Use of Laboratory Animals
(https://www.ncbi.nlm.nih.gov/books/NBK54050) were strictly
followed throughout the study. The liver was perfused with
phosphate-buffered saline (PBS) to remove blood. The liver was
then cut into small pieces and homogenized using a Dounce-type
homogenizer (Thermo Fisher Scientific) in ice-cold isolation buffer
(IB) containing 200mM sucrose (Sigma-Aldrich), 10mM Tris
(hydroxymethyl)aminomethane-3-(N-morpholino) propanesul-
fonic acid (Tris-MOPS; Sigma-Aldrich), and 1 mM ethylene-bis
(oxyethylenenitrilo)tetraacetic acid (EGTA; Sigma-Aldrich) (pH
7.4). The sample was centrifuged at 600 X g for 10 min, the result-
ant supernatant was further centrifuged at 7,500 X g for 10 min,
and the pellets were washed once with the IB and centrifuged
again at 7,500 X g for 10 min to collect mitochondria. The concen-
tration of freshly isolated mitochondria was adjusted to 1 mg/mL,
followed by incubation with the test drug (concentrations from
1.3nM to 100 uM) for 5 min. Then the mitochondria were divided
into two equal-sized portions, to one of which was added gluta-
mate and malate (5 and 10 mM, respectively; Sigma-Aldrich) and
to the other was added succinate (5 mM; Sigma-Aldrich) to mea-
sure glutamate/malate- and succinate-driven oxygen consumption.
The oxygen consumption rate with glutamate/malate or succinate
was defined as state I'V respiration. After 3 min, adenosine diphos-
phate (ADP; 200 pM; Sigma-Aldrich) was added to measure state
IIT respiration. The ratio between state III and IV respiration rate
was defined as respiratory control ratio (RCR) (Weng et al. 2015).

Oxygen consumption was also measured in HepG2 cells by
the Seahorse XF24 analyzer (Seahorse Bioscience/Agilent
Technologies). Briefly, measurement of intact cellular respira-
tion was performed using the Seahorse XF24 analyzer. HepG2
cells were plated at a density of 80,000 cells/well on an XF24
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tissue culture plate (Seahorse Bioscience/Agilent Technologies), and
cultured overnight in Dulbecco’s Modified Eagle’s Medium (DMEM;
Corning Life Sciences) supplemented with 10% FBS, 50 U/mL
penicillin and 50 pg/mL streptomycin (Life Technologies).
Prior to the respiration assay, cells were rinsed and cultured in
DMEM running medium (Sigma-Aldrich), 200 mM GlutaMax- 1
(Life Technologies), 100 mM sodium pyruvate, 25 mM bp-glucose,
63.3 mM sodium chloride (NaCl), and phenol red (Sigma-Aldrich),
with the pH adjusted to 7.4 according to the manufacturer’s protocol.
Respiration was measured under the basal condition and in the pres-
ence of four different concentrations (1, 4, 16, and 64 pM) of the
compounds in order to assess oxidative capacity. Respiration was
routinely measured using 25 mM glucose as the extracellular
substrate.

Measurement of Respiratory Chain Complex Activities

Respiratory chain complex (RCC) I-V activities were determined
using previously published procedures (Kirby et al. 2007; Weng et al.
2014). Submitochondrial particles were prepared by subjecting the
intact rat mitochondria, isolated as described above, to three succes-
sive freeze—thaw cycles (Kirby et al. 2007). Test compounds were
incubated with submitochondrial particles (1 mg/mL) for 15 min and
then RCC I-V activities were measured. The activities of DMSO-
treated samples (controls) were set as 1. RCC I activity was measured
using a buffer containing 25 mM potassium phosphate (KH,PO,4/
K,>HPO,); 5 mM magnesium chloride (MgCl, ), pH7.2,0.25% bovine
serum albumin (BSA; Sigma-Aldrich); 0.13 mM B-nicotinamide ade-
nine dinucleotide, reduced dipotassium salt (NADH, Sigma-
Aldrich); 2mM potassium cyanide (KCN, Sigma-Aldrich);
2 pg/mL antimycin A (Sigma-Aldrich); and 65 M ubiquinone 1
(Sigma-Aldrich), which was supplemented with or without
2 png/mL rotenone (Sigma-Aldrich). The difference between the
activity using the rotenone-containing buffer and rotenone-absent
buffer was considered as RCC I activity. RCC II activity was
measured in a buffer containing 25 mM KH;PO4/K,;HPO,; 5 mM
MgCl,, pH 7.2, 20 mM sodium succinate (Sigma-Aldrich); 50 pM
2,6-dichloroindophenol sodium salt hydrate (Sigma-Aldrich); 2 mM
KCN; 2 pg/mL antimycin A; 2 pg/mL rotenone; and 65 pM ubiq-
uinone 1. RCC III activity was determined with a buffer containing
25 mM KH,PO4/K,HPO,4, pH 7.2, 1 mM n-dodecyl-B-D-maltoside
(Sigma-Aldrich); 1mM KCN; 1 pg/mL rotenone; 100 pM
reduced-decylubiquinone; 15 pM oxidized cytochrome c (Sigma-
Aldrich); and 0.1% BSA. RCC 1V activity was measured using
a buffer containing 25mM KH,PO4/K,HPO4, pH 7.2; 1 mM
n-dodecyl-B-D-maltoside; and 15 uM reduced cytochrome ¢. RCC
V was measured with a buffer containing 40 mM Tris; 10 mM eth-
ylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA), pH 8.0; 0.2 mM NADH; 2.5 mM phospho(enol)pyruvic
acid monopotassium salt (Sigma-Aldrich); 2.5 pg/mL antimycin
A;5mM MgCl,; 5 U/mL lactate dehydrogenase (Sigma-Aldrich);
5 U/mL pyruvate kinase (Sigma-Aldrich); and 2.5mM ATP
(Sigma-Aldrich), which was supplemented with or without
2 png/mL oligomycin A. The difference between the activity using
the oligomycin A—containing buffer and the oligomycin A—absent
buffer was considered as RCC V activity. For measuring RCC I/'V
and II activity, the changes in absorbance at 340 nm and 600 nm,
respectively, were determined every 1 min for 6 min. For meas-
uring RCC IIT and RCC 1V, the changes in absorbance at 550 nm
were measured every 10 s for 2 min. A Synergy 2 Multi-Mode
microplate reader from BioTek was used for these measurements.

Parkin Translocation

Confocal experiments were performed using a recently described
HeLa cell line stably expressing YFP-Parkin (Nezich et al. 2015)
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plated on 35 mm coverglass #1.5 chamber dishes (MatTek), in
DMEM containing 10% FBS supplemented with 100 U/mL penicil-
lin and 100 pg/mL streptomycin (Life Technologies). These cells
were treated for 2 h with DMSO as vehicle control or with tested
compounds at indicated concentrations. Fluorescent samples of
YFP-Parkin were routinely examined with a Zeiss LSM 780 confo-
cal microscope (Carl Zeiss) as previously described (Sun et al.
2015). YFP was imaged with a 514-nm excitation and 520- to 570-
emission filters.

Data Analysis for MMP, ROS, Viability, ARE, and p53
Assays

Analysis of compound concentration-response data was per-
formed as previously described (Huang 2016). Briefly, raw plate
reads for each titration point were first normalized relative to the
positive control compound (—100% for antagonist mode and
100% for agonist mode) and DMSO-only wells (0%) as follows:
% Activity = [(Vcompound — Vpmso ) /(Vpos — Vpmso )] X 100 (in
which Vcompound denotes the compound well values, Vpos
denotes the median value of the positive control wells, and
Vpwmso denotes the median values of the DMSO-only wells) and
then corrected by applying an NCATS in-house pattern correc-
tion algorithm (Wang and Huang 2016) using compound-free
control plates (i.e., DMSO-only plates) at the beginning and end
of the compound plate stack. Concentration—response titration
points for each compound were fitted to a four-parameter Hill equa-
tion yielding concentrations of half-maximal inhibitory activity
(ICsp) or half-maximal stimulatory activity (ECsp) and maximal
response (efficacy) values (Wang et al. 2010). Compounds were
designated as Class 1-4 according to the type of concentration—
response curve observed (Huang 2016). Each compound was
assigned an activity outcome based on its type of concentration—
response curve and reproducibility as described previously (Attene-
Ramos et al. 2015). Compounds that showed a reproducible
concentration response were classified as active (Huang 2016).
Compounds from the Tox21 library were clustered based on struc-
tural similarity (512-bit ChemAxon® Chemical Fingerprints (ver-
sion 6.2.1; ChemAxon) using the self-organizing map (SOM)
algorithm (Kohonen 2006), yielding 651 clusters. Each cluster was
evaluated for its enrichment of active antagonists (compared with
the library average) using Fisher’s Exact Test. For confirmation and
follow-up studies to the HepG2 cell MMP results, compounds were
selected from 302 clusters that contained at least one active antago-
nist based on activity outcome (active antagonist), potency
(<10 pM; <50 uM close structure analogs), efficacy (>50%), and
research interest (e.g., drugs with known toxicity). In addition to
active compounds, one or two inactive close structural analogs
were also selected from clusters that were enriched with active
antagonists in order to test for potential false negative outcomes.
The Pearson correlations of the ICsy values among hNSC, HepG2
cells, and rat primary hepatocytes were measured using GraphPad
Prism 7 (GraphPad Software, Inc.).

Nematode Culture

Bristol N2 (wild type) Caenorhabditis elegans obtained from
the Caenorhabditis Genetic Center were used in the larval de-
velopment and growth assay. The transgenic C. elegans strain
PE255 [sur-5:luc+::gfp; rol-6(sul006)] used in the ATP
assay (Lagido et al. 2009) was also obtained from the
Caenorhabditis Genetic Center; this strain expresses lucifer-
ase to measure in vivo ATP levels and GFP (green fluorescent
protein) as a marker of live animals. All nematodes were
maintained at 20°C on K-agar plates seeded with OP50
Escherichia coli (Caenorhabditis Genetic Center) as a food
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source (Williams and Dusenbery 1988), or as age-
synchronized cultures of first stage larvae (L1s) by hatching
embryos in the absence of food, causing L1 development to
arrest, as previously described (Boyd et al. 2009). The K-agar
plates are made at NIEHS from 2% bacto-agar, 0.25% bacto-
peptone, 51 mM sodium chloride, 32 mM potassium chloride,
and 13 puM cholesterol (Sigma-Aldrich); complete K-medium
consists of 51 mM sodium chloride, 32mM potassium chlo-
ride, 3mM calcium chloride, 3mM magnesium sulfate, and
13 uM cholesterol was also made at NIEHS.

Chemical exposures for C. elegans Experiments

The chemical compounds were initially tested at identical con-
centrations (0.5, 1, 2.5, 5, 10, 25, 50, 75, and 100 uM) in C. ele-
gans experiments. Several compounds were tested at additional
lower concentrations until no effect on development was
observed (i.e., a no-observable-effect-concentration, or NOEC,
was reached). The additional compounds tested at lower concen-
trations were chlorfenapyr, rotenone, triclocarban, and triethyltin
bromide at 0.25, 0.1, and 0.05 pM; and pinacyanol chloride,
tested at 0.25, 0.1, 0.05, 0.05, 0.025, 0.01, and 0.005 pM. All
compound exposures including vehicle and positive controls
were replicated across 6 wells on each 96-well treatment plate.

Larval Development and Growth

C. elegans larval development and growth assays were performed
as previously described (Union Biometrica Inc.) (Boyd et al.
2016). Briefly, 50 L1 nematodes were dispensed to each exposure
well of a 96-well plate containing the test compound, DMSO (1%
final concentration), E. coli, and complete K-medium. Nematodes
were exposed to compounds at 20°C for 48 h, conditions in which
untreated nematodes developed to the final larval stage (L4s). After
the incubation, the gross morphology and developmental stage of
the nematodes were visually assessed by microscopy. The number
of animals and size of individual nematodes were then determined
using the Biosort. Nematode size is expressed as extinction (EXT),
which is a measure of the optical density over the length of each
animal. Measurements of extraneous material such as detritus, bac-
teria clumps, or precipitates were mathematically filtered from the
data using a growth model, as previously described (Boyd et al.
2010; Smith et al. 2009). The average log(EXT) value for each well
was used for subsequent analyses.

In vivo C. elegans ATP Status

For the ATP assay, age-synchronized L1s were transferred to cul-
ture plates with food and allowed to develop for 24 h to the late
L2/early L3 stage. Larvae were rinsed from culture plates and 50
larvae were dispensed using a Biosort to each well of white 96-
well plates (Greiner Lumitrac). Nematodes were exposed to com-
pounds for 24 h with untreated animals reaching the L4 stage, as
described for the development assay. After exposure, green fluo-
rescence and luminescence were measured using a FLUostar
Optima plate reader (BMG Labtech Inc.). Fluorescence was read
at 485 nm excitation and 520 nm emission. To measure ATP, lu-
minescence buffer [0.1 mM D-luciferin (Life Technologies), 1%
DMSO, 5% Triton-X (Fluka BioChemika), 0.1 mM citric acid
(Sigma-Aldrich), and 0.2 mM dibasic sodium phosphate (Sigma-
Aldrich)] was injected into each well. After 3 min, luminescence
was read at 570 nm using the Optima plate reader.

Data analyses for C. elegans Experiments

The two assays were analyzed similarly. In each case, plate adjust-
ments were made by subtracting the well means of the test
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compounds from the overall mean of the plate controls. Lowest
effect concentrations (LECs) were found using #-tests to compare
observations of test compounds against plate vehicle controls (1%
DMSO). Bonferroni corrections were made to ensure an overall
significance level of 0.05 of the LEC calculations for each assay.

Results
Identification of Compounds That Decreased MMP

Approximately 8,300 unique chemicals in 651 structure-related
clusters comprising the Tox21 10K library were previously
screened for effects on MMP using a cell-based MMP assay
(Attene-Ramos et al. 2015). From this primary qHTS screening,
in which compounds were tested at 15 concentrations at three in-
dependent times (Attene-Ramos et al. 2015), we selected 622
compounds (595 compounds classified as active and 27 com-
pounds classified as inactive yet structurally related to active
compounds) representing 72 structure clusters based on com-
pound potency, efficacy, and chemical structure (see “Data analy-
sis for MMP assay” in the “Methods” section for details). Among
the compounds that decreased MMP were several well-known
mitochondrial toxicants including FCCP and antimycin A. We
retested the 622 compounds in the HepG2 cell MMP assay using
existing Tox21 10K library stock solutions. Of the 595 com-
pounds that were previously identified as active, 543 (91%) were
active in the current analysis. Of the 27 compounds that were pre-
viously identified as inactive, 24 (89%) were inactive in the cur-
rent analysis (see Excel Table S1). To characterize the activity of
the compounds in different species in order to prioritize compounds
for more extensive characterization, these compounds were also
evaluated in a rat primary hepatocyte-MMP assay (1-h treatment).
Among the 567 compounds with confirmed activity (active or inac-
tive) in the HepG2 cell MMP assay, 426 were also active (406/543,
75%) or inactive (20/24, 83%) in the rat hepatocyte-MMP assay
(see Excel Table S1). As shown in Excel Table S1, pinacyanol chlo-
ride was the most potent active compound, based on having the
lowest ICs, values in one of the two assays, with ICsy of 0.04 and
0.02 pM in rat primary hepatocytes and HepG2 cells, respectively,
followed by chlorfenapyr (0.07 UM in rat hepatocytes, 0.04 pM in
HepG2 cells), gramicidin (0.2 M in rat hepatocytes, 0.04 uM in
HepG2 cells), triclocarban (0.17 pM in rat hepatocytes, 0.17 uM
in HepG2 cells), 2,6-di-fert-butyl-4-nitrophenol (0.29 puM in rat he-
patocytes, 0.11 uM in HepG2 cells), niclosamide (0.44 uM in rat
hepatocytes, 0.10 pM in HepG2 cells), and fluorosalan (0.42 uM
in rat hepatocytes, 0.19 pM in HepG2 cells). Based on cutoffs for
potency (ICso <10 uM) and efficacy (>50% of positive control)
in both rat primary hepatocyte and HepG2 cell MMP assays, 90
compounds were found to meet these criteria. Then based on
novelty, structural cluster, and commercial availability, 34 com-
pounds—representing 24 chemical structure clusters—were selected
and repurchased from commercial vendors for further characteriza-
tion (Table 1).

Confirmatory and Mechanistic Studies of Compounds That
Decreased MMP

To further characterize their ability to decrease MMP, the 34
selected compounds, including the positive controls FCCP and
antimycin A, were re-tested in the MMP assays using HepG2
cells and rat primary hepatocytes, and tested also in hNSC. As
shown in Table 1, all of the compounds tested inhibited MMP in
all three cell types tested, and some of these compounds, such as
antimycin A, lasalocid, rifampicin, rifapentine, and thidiazuron,
exhibited similar potencies across the three cell types. The 1Cs
values of these compounds were highly correlated between
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hNSC and HepG2 cells (Pearson correlation: R=0.89), whereas
the correlation between the ICsy values in rat primary hepatocytes
with either hNSC or HepG2 cells was lower (R=0.59 with
hNSC, R=0.62 with HepG2 cells) as shown in Figure S1. Of
note, rotenone had a higher potency (ICsp=0.36 uM) in rat pri-
mary hepatocytes than did hNSC (ICsp =23.7 uM) and HepG2
cells (ICsyp =44.7 M), whereas pinacyanol was more potent in
hNSC (ICsp =0.04 uM) and HepG2 cell (ICso=0.04 uM) than
rat primary hepatocytes (ICso=0.31 uM). In general, the two
human cell lines exhibited similar sensitivity but were generally
more sensitive than rat primary hepatocytes to the effects of these
34 chemicals on MMP.

To further characterize their ability to decrease MMP, these
34 compounds were tested for their ability to decrease intracellu-
lar ATP content. Of these 34 compounds tested in the cell viability
assay measuring intracellular ATP content using 5mM glucose
as the energy source, 27 induced a decrease in ATP content
(Table 2). We further evaluated the ability of these compounds to
decrease MMP (Table 1) and viability/ATP content (Table 2) in
HepG2 cells cultured in galactose (no glucose, 10 mM galactose),
a growth condition that enhances dependence on oxidative phos-
phorylation pathways and, hence, sensitivity to mitochondrial toxi-
cants. Most of the compounds had similar activity under both
galactose (10 mM) and low glucose (5 mM) conditions (R =0.95
in MMP assay and R=0.96 in the viability/ATP assay); the
only exception was antimycin A, which was more potent in the
MMP assay with galactose treatment compared with low glucose
treatment.

We then characterized the ability of the compounds to induce
ROS in HepG2 cells. As shown in Table 2, 22 of 34 compounds
induced ROS production in HepG2 cells, with ECs, values rang-
ing from 1.93 to 41.7 uM. Of these, 8 compounds had ECsq val-
ues <10 pM, with rank order of potency (ECsy values) of
chlorfenapyr (1.93 pM), FCCP (2.49 uM), rotenone (4.04 pM),
2-aminoanthraquinone (4.72 pM), emodin (5.24 pM), niflumic
acid (6.35 uM), triethyltin bromide (6.46 pM), and antimycin A
(6.83 uM).

Several cellular stress pathways including p53 and Nrf2/ARE
have been linked to mitochondrial dysfunction (Dinkova-Kostova
and Abramov 2015; Mammucari and Rizzuto 2010). To investigate
effects on p53 and Nrf2/ARE signaling pathways, the 34 com-
pounds identified as active in the MMP assay were tested in the
p53-bla and Nrf2/ARE-bla assays. Many of these compounds—
such as antimycin A, diclazuril, dinoseb, emodin, triclocarban, and
triethyltin bromide—induced both signaling pathways with similar
potencies, although some of the compounds—including SHPP-33,
dinoterb, picoxystrobin, and rotenone—had different ECs, values in
these two assays (Table 2). Other compounds activated only the p53
pathway—including niclosamide, rafoxanide, and chlorfenapyr—or
the Nrf2/ARE pathway—including pinacyanol, 1,8-dihydroxy-4,5-
dinitroanthraquinone, 2-aminoanthraquinone, 2-hydrazino-4-(4-ami-
nophenyl) thiazole, 2-hydrazino-4-(4-nitrophenyl)thiazole, and 2-
hydrazino-4-phenylthiazole (Table 2).

Effect of Compounds on Mitochondrial Respiration

Oxygen consumption and complex I-V activity are directly
related to mitochondrial function, specifically mitochondrial
toxicity. Mitochondrial oxygen consumption was measured using
the traditional Clark-type oxygen electrode after treatment of iso-
lated rat liver mitochondria with each of the 34 compounds at con-
centrations up to 100 pM. FCCP, a known mitochondrial electron
transport uncoupler, significantly increased the glutamate/malate-
driven state 4 respiration in a concentration-dependent manner, with
a maximal increase of approximately 4-fold over the baseline level
at 0.8 pM, but only slightly affected the glutamate/malate-driven
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state 3 respiration (Figure 2A). The corresponding RCR after FCCP
treatment began to decrease at 32nM and reached unity, indicating
a complete uncoupling, at 4 uM (Figure 2A). FCCP also increased
succinate-driven state 4 respiration in a concentration-dependent
manner (Figure 2B), with a maximal 2.6-fold response over the
baseline level at 0.16 pM, but did not affect state 3 respiration at
this concentration. Of the 34 compounds tested, 23 compounds (see
Excel Table S2), such as chlorfenapyr (Figure 2C,D), dinoterb
(Figure 2E,F), and triclocarban (Figure 2G,H), had effects similar to
those of FCCP. Five compounds had an inhibitory effect on respira-
tion. For example, antimycin A, a known complex III inhibitor, sig-
nificantly inhibited both glutamate/malate-driven respiration and
succinate-driven respiration (Figure 3A,B). In contrast, rotenone, a
known complex I inhibitor, only inhibited glutamate/malate-driven
respiration, but not succinate-driven respiration (Figure 3C,D).
Picoxystrobin (Figure 3E,F) had effects similar to antimycin A,
although pinacyanol chloride (Figure 3G,H) had slightly milder in-
hibitory effects on both glutamate/malate-driven respiration and
succinate-driven respiration. C.I. Basic Red 9 monohydrochloride
(Figure 3LJ), only had moderate inhibitory effect on state 3 respira-
tion driven by both glutamate/malate and succinate, but not on state
4 respiration. The remaining 6 compounds were inactive in the oxy-
gen consumption assay (see Excel Table S2). The 34 compounds
were also analyzed for their effects on oxygen consumption rate
using a Seahorse XF24 respirometer (Table 3; see also Figure S2).
Again, for example, chlorfenapyr demonstrated effects similar to
that of FCCP (Figure 4A), whereas pinacyanol chloride produced
inhibitory patterns similar to that of rotenone (Figure 4B). The con-
centrations that elicited an effect in the Seahorse experiments
(Figure 4A) correlated well with the concentrations that showed ac-
tivity in isolated mitochondria (Figure 2).

To further study the effect of these inhibitors on the respiratory
complex, 11 compounds, identified either as inhibitors or uncou-
plers/inhibitors using the Clark-type oxygen electrode method (see
Excel Table S2), were tested on complex I, II, III, IV, and V activ-
ity. As shown in Table 4, 10 of these 11 compounds inhibited one
or more complexes. For example, rotenone and pinacyanol specifi-
cally inhibited complex I in a concentration-dependent manner
(Figure 5A). Rafoxanide inhibited both complex II (Figure 5B) and
complex V (Figure 5C), whereas picoxystrobin inhibited both com-
plex I (Figure 5A) and complex III (Figure 5SD). Antimycin A inhib-
ited only complex IIT (Figure 5D), but triethyltin bromide inhibited
complex V (Figure 5C). None of these compounds inhibited com-
plex IV (Table 4).

Effect of Compounds on Mitochondrial Damage and Parkin
Translocation

To further characterize the mitochondrial toxicity of the 34 chemi-
cals, their ability to enhance cellular Parkin translocation was
tested in HeLa cells expressing YFP-Parkin. Of these 34 chemi-
cals, 12 induced Parkin translocation (Table 3). Compared with
the DMSO solvent control (Figure 6A), the positive controls,
FCCP (Figure 6B) and antimycin A (Figure 6C), also signifi-
cantly increased Parkin translocation into mitochondria. Similarly,
chlorfenapyr (Figure 6D), dinoterb (Figure 6E), and pinacyanol
(Figure 6F) showed patterns similar to antimycin A and FCCP. In
contrast, rotenone (Figure 6G) and picoxystronbin (Figure 6H) did
not induce Parkin translocation.

In vivo studies in C. elegans

To determine whether the effects of these mitochondrial toxicants
observed in cell culture could be recapitulated under in vivo con-
ditions, C. elegans was used as an in vivo model to test the ability
of the 34 compounds over a concentration range of 0.5-100 uM
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Figure 2. Mitochondrial oxygen consumption and respiratory control ratios for representative compounds exhibiting effects similar to uncouplers of mitochon-
drial respiration. Oxygen consumption was measured using the Clark-type oxygen electrode after isolated rat liver mitochondria were incubated with various
concentrations of (A and B) FCCP, (C and D) chlorfenapyr, (E and F) dinoterb, and (G and H) triclocarban. FCCP, carbonyl cyanide 4-(trifluoromethoxy)phe-
nylhydrazone; RCR, respiratory control ratio. The bars represent oxygen consumption rate and the line indicates respiratory control ratio. Data are from one
experiment.
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Figure 3. Mitochondrial oxygen consumption and respiratory control ratios for compounds exhibiting effects similar to inhibitors of mitochondrial respiration.
Oxygen consumption was measured using the Clark-type oxygen electrode after the isolated rat liver mitochondria were incubated with various concentrations
of (A and B) antimycin A, (C and D) rotenone, (E and F) picoxystrobin, (G and H pinacyanol, and (/ and J) C.I. Basic Red 9 monohydrochloride. The bars rep-
resent oxygen consumption rate and the line indicates respiratory control ratio (RCR). Data are from one experiment.
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Table 3. Effect of compounds on oxygen consumption in HepG2 cells using the Seahorse method and Parkin translocation in HeLa cells expressing YFP-

Parkin.

Compound CASRN Activity in oxygen consumption® Parkin recruitment”
1,4-Diaminoanthraquinone 128-95-0 Inactive Inactive
1,8-Dihydroxy-4,5-dinitroanthraquinone 81-55-0 Uncoupler + inhibitor Inactive
2,2'-Methylenebis(4-methyl-6-rert-butylphenol) 119-47-1 Uncoupler Inactive
2,2'-Methylenebis(ethyl-6-tert-butylphenol) 88-24-4 Uncoupler Inactive
2-Aminoanthraquinone 117-79-3 Inactive Inactive
2-Hydrazino-4-(4-aminophenyl) thiazole 26049-71-8 Inactive Inactive
2-Hydrazino-4-(4-nitrophenyl)thiazole 26049-70-7 Inactive Active
2-Hydrazino-4-phenylthiazole 34176-52-8 Inactive Inactive
SHPP-33 105624-86-0 Uncoupler + inhibitor Active
Antimycin A 1397-94-0 Inhibitor Active
Bexarotene 153559-49-0 Uncoupler + inhibitor Inactive
C.I. Basic Red 9 monohydrochloride 569-61-9 Inhibitor Inactive
Chlorfenapyr 122453-73-0 Uncoupler + inhibitor Active
Chlorophacinone 3691-35-8 Uncoupler + inhibitor Inactive
Diclazuril 101831-37-2 Uncoupler + inhibitor Inactive
Dinoseb 88-85-7 Uncoupler + inhibitor Active
Dinoterb 1420-07-1 Uncoupler + inhibitor Active
Diphenylurea 102-07-8 Inactive Inactive
Emodin 518-82-1 Uncoupler Active
Lasalocid sodium 25999-20-6 Uncoupler + inhibitor Inactive
Niclosamide 50-65-7 Uncoupler + inhibitor Active
Niflumic acid 4394-00-7 Uncoupler Inactive
Palmatine chloride hydrate 171869-95-7 Inactive Inactive
FCCP 370-86-5 Uncoupler + inhibitor Active
Picoxystrobin 117428-22-5 Inhibitor Inactive
Pinacyanol 605-91-4 Inhibitor Active
Rafoxanide 22662-39-1 Uncoupler + inhibitor Active
Rhein 478-43-3 Uncoupler Inactive
Rifampicin 13292-46-1 Inactive Inactive
Rifapentine 61379-65-5 Inhibitor Inactive
Rotenone 83-79-4 Inhibitor Inactive
Thidiazuron 51707-55-2 Inactive Inactive
Triclocarban 101-20-2 Uncoupler Active
Triethyltin bromide 2767-54-6 Uncoupler + inhibitor Inactive

“Measurement of intact cellular respiration was performed using the Seahorse XF24 analyzer with 25 mM glucose as the extracellular substrate. Respiration was measured under the
basal condition and in the presence of each compound at four concentrations to assess oxidative capacity. If a compound caused significant increases in oxygen consumption rate com-
pared with basal condition, it was considered as an uncoupler. If a compound caused a significant decreased in oxygen consumption rate compared with basal condition, it was consid-
ered as an inhibitor. As described in the Clark-type oxygen electrode assay, a compound can be an uncoupler as lower concentration, and an inhibitor at higher concentration. If a
compound did not significantly affect oxygen consumption rate at tested concentrations, then it was considered as inactive.

PParkin translocation assay was performed using a HeLa cell line stably expressing YFP-Parkin. These cells were treated for 2 h with DMSO as vehicle control or with tested com-
pounds at indicated concentrations. Fluorescent samples of YFP-Parkin were examined with a Zeiss LSM 780 confocal microscope, and active was determined when YFP-Parkin was

recruited to mitochondria upon compound treatment as shown in Figure 6.

to affect (a) larval development and growth as measured by
extinction (EXT) or size of individual nematodes, and (b) mito-
chondrial toxicity through ATP content as measured by lumines-
cence of a transgenic nematode strain expressing luciferase. Five
chemicals of 34 (chlorfenapyr, pinacyanol, rotenone, triclocar-
ban, and triethyltin bromide) led to severe larval growth arrest at
0.5 utM and were tested at additional lower concentrations.
Compound activity was assessed by calculating the lowest effect
concentration (LEC) for each assay across all concentrations
tested.

Of the 34 compounds tested in C. elegans, 24 inhibited larval
growth and decreased ATP content. The 10 most potent com-
pounds had LECs <10 pM for both assays including those 5
compounds listed above that required testing at lower concentra-
tions, along with chlorophacinone, diclazuril, FCCP, dinoterb,
and picoxystrobin (see Excel Table S3 and Figure S3). Four syn-
thetic dyes had LECs <10 pM for the ATP assay but lower po-
tency in the larval growth assay (2-aminoanthraquinone, 1,4-
diaminoanthraquinone, C.I. Basic Red 9 monohydrochloride, and
1,8-dihydroxy-4,5-dinitroanthraquinone). These 14 chemicals are
most likely to be potent in vivo mitotoxicants per the C. elegans
data (see orange shading in Excel Table S3).

Six additional chemicals (rafoxanide, lasalocid sodium, 2,2’-
methylenebis(4-methyl-6-rers-butylphenol, 2,2'-methylenebis(ethyl-
6-tert-butylphenol), 2-hydrazino-4-phenylthiazole, and bexarotene)

Environmental Health Perspectives
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had LECs <10 uM for the larval growth assay with lower po-
tency or inactivity in the ATP assay, which is suggestive of gen-
eral toxicity. Five chemicals caused statistically significant
decreases in ATP content and did not affect growth across the
tested concentrations (diphenylurea, emodin, thiadiazuron, niflu-
mic acid, and rifapentine). Although statistically significant, the
decreases in ATP may not be biologically relevant given that
they did not lead to observations of retarded larval growth. The
remaining four chemicals showed no activity in either assay (see
gray shading in Excel Table S3).

Discussion

In the current study, we used a tiered testing strategy (Figure 1) to
evaluate and prioritize chemicals for potential mitochondrial toxic-
ity, as detected initially by a large-scale, concentration—response
screen (Attene-Ramos et al. 2015), for further in-depth investigation
with a variety of mechanistic assays. Previously well-characterized
mitochondrial toxicants including FCCP and rotenone were among
the most active compounds in these mechanistic assays. The 10
most active chemicals (based on the lowest ICs, values or concen-
trations) were chlorfenapyr (ICso=0.31 M in the hNSC MMP
assay, uncoupler effect at 0.16 uM in the oxygen consumption
assay, and inhibitory effect at 0.05 and 0.25 pM on larval growth
and ATP content in the C. elegans assays, respectively); dinoterb

126(7) July 2018
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Figure 4. Confirmation of the effect of representative mitochondrial uncouplers and inhibitors on mitochondrial respiration. The rate of oxygen consumption
was measured using a Seahorse XF24 analyzer in the HepG2 cells before and after treatment with various concentrations of (A) FCCP and chlorfenapyr, and
(B) rotenone and pinacyanol. FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone. Representative curves are from one of three experiments.

(uncoupler effect at 0.032 uM in the oxygen consumption assay,
ECs0=0.52 uM in the ARE assay, and inhibitory effect at 1.0 pM
on ATP content in the C. elegans assay); lasalocid (ICsp = 0.54 uM
in the hANSC MMP assay); picoxystrobin (ICso=0.75 pM in the
ARE assay and inhibitory effect on Complex III at 4 uM); pinacya-
nol (ICsp=0.04 uM in both the HepG2 and hNSC MMP assays;
23.6% inhibition effect on Complex I at 4.0 pM, and an inhibitory
effect at 0.005 pM on larval growth in the C. elegans assay); triclo-
carban (ICsp =0.43 pM in the hANSC MMP assay); and triethyltin
bromide (ICsp=0.65 uM in the HepG2 MMP assay, uncoupler
effect at 0.8 pM in the oxygen consumption assay) as well as the
well-known mitochondria toxicants antimycin A (inhibitory effect
on Complex III at 0.032 uM), FCCP (uncoupler effect at 0.032 pM
in the oxygen consumption assay and ICsy =0.27 uM in the hNSC
MMP assay), and rotenone (inhibitory effect on Complex I at
0.032 uM and inhibitory effect at 0.05 pM on larval growth in the
C. elegans assay). Among these 10 most active compounds, 4—
lasalocid, picoxystrobin, pinacyanol, and triclocarban—have not
been well characterized previously to be mitochondria toxicants.

Environmental Health Perspectives
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Thus, these results illustrate the value of using a battery of assays to
identify mitochondrial toxicants.

Species- or cell type-specific sensitivity to some compounds
was observed in the present study. For example, the pesticide rote-
none was much more potent in rat hepatocytes (ICso=0.36 uM)
compared with hNSC (ICsp =23.7 pM) and HepG2 cells (ICsp =
44.7 uM). Rotenone is known to inhibit complex I of the electron
transport chain. Rats exposed to rotenone developed the features
of Parkinson disease (PD) through complex I inhibition leading to
selective degeneration of the nigrostriatal dopaminergic neurons
(Betarbet et al. 2000; Sherer et al. 2003). Furthermore, there is
an increasing risk of PD with chronic exposure to pesticides
(Nandipati and Litvan 2016; Priyadarshi et al. 2000), but there is
no clear evidence for a direct link between rotenone use in agricul-
tural applications and PD development in humans (Nandipati and
Litvan 2016). The low sensitivity of HepG2 cells to rotenone in
the MMP assay may be related to the significant activation of the
Nrf2/ARE pathway by rotenone (ECsy =50 nM) given that Nrf2 is
a transcription factor that regulates important antioxidant and

126(7) July 2018



Table 4. Compound inhibition [percentage (%)] on mitochondrial respiratory chain complex I-V in isolated rat liver mitochondria.

Complex IV Complex V %

Compound Complex I % inhibition ~ Complex II % inhibition Complex III % inhibition % inhibition inhibition
2-Hydrazino-4-(4-nitrophenyl)thiazole 21.6+7.1 at 100 pM Inactive Inactive Inactive Inactive
Antimycin A Inactive Inactive 71.1£2.91 at 0.032 upM Inactive Inactive
Bexarotene Inactive Inactive Inactive Inactive Inactive

C.I. Basic Red 9 monohydrochloride 14.1+2.98 at 100 pM 122+3.48at 100 pM 21.6 +6.41 at 100 pM Inactive Inactive
Lasalocid sodium 18.3+6.97 at 100 uM Inactive Inactive Inactive Inactive
Palmatine chloride hydrate 12.3+3.05 at 100 uM Inactive Inactive Inactive Inactive
Picoxystrobin 13.2+3.23 at 20 pM Inactive 533+3.26at4 uM Inactive Inactive
Pinacyanol 38.3+1.92 at 20 uM Inactive Inactive Inactive Inactive
Rafoxanide Inactive 44.4+6.56 at 0.8 uM Inactive Inactive 40.1 +£1.87 at 20 uyM
Rotenone 37.5+3.32at 0.032 uM Inactive Inactive Inactive Inactive
Triethyltin bromide Inactive Inactive Inactive Inactive 57.4+3.74 at 20 pkM

Note: Each compound was tested starting at 100 pM. If there was statistically significant inhibition compared with DMSO control, then next concentration of compound (i.e., 20, 4,
0.8, 016, 0.032, 0.0064, and 0.00128 M) would be tested until there was no inhibition observed. The % inhibition was determined using 100% minus the activities from DMSO con-
trol. The value of % inhibition of compound is the mean + SD of the results from three experiments. The compound with no activity detected up to 100 pM was defined as inactive.
Data listed in the table represent the lowest concentration that caused inhibition or the concentration that caused >35% inhibition.

phase II detoxification enzymes (Todorovic et al. 2016). As previ-
ously reported (Siddiqui et al. 2013), we also found that rotenone,
after a 24-h treatment, induced cytotoxicity in HepG2 cells that
may be linked to increased ROS level and activation of p53 signal-
ing. The underlying mechanism of these rotenone effects still
needs further investigation. In addition, from the current study, the
low glucose (5mM) condition seems not to affect ICsy values
when compared with the galactose condition. Different ICs values
were commonly observed between experiments that used galac-
tose and high (25 mM) glucose concentrations (Marroquin et al.
2007).
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Mitochondria dysfunction has been linked to overproduction of
ROS in mitochondria (Bai and Cederbaum 2001), activation of cel-
lular signaling pathways including Nrf2/ARE pathway (Miller et al.
2013), and p53 signaling (Villeneuve et al. 2013). Mitochondrial
damage can also be recognized by the protein phosphatase and ten-
sin homolog (PTEN)-induced kinase 1 (PINK1), which recruits
Parkin to the mitochondrial outer membrane to initiate Parkin-
mediated autophagy (mitophagy) (Narendra et al. 2008). Both of
these proteins are genetically linked to PD (Pickrell and Youle
2015; Zheng and Hunter 2013). Among the 34 compounds tested,
we found that 22 (65%) induced ROS and 24 (71%) activated the
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minus the percentage of DMSO control. FCCP, carbonyl cyamide 4-(trifluoromethoxy)phenylhydrazone. Data represent mean + SD from three experiments.
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Figure 6. Effect of compounds on Parkin translocation in YFP-engineered HeLa cells. After treatment with (A) dimethylsulfoxide (DMSO) only, (B) carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 10 uM), (C) antimycin A (10 uM), (D) chlorfenapyr (16 M), (E) dinoterb (64 pM), (F) pinacyanol
(4 uM), (G) rotenone (16 pM), and (H) picoxystrobin (16 uM) for 3 h, recruitment of Parkin to mitochondria was measured in YFP-expressing HeLa cells.
FCCP, carbonyl cyamide 4-(trifluoromethoxy)phenylhydrazone. Representative confocal images were acquired in a Zeiss LSM 780 confocal microscope using

a40x oil objective.

Nrf2/ARE pathway, whereas 14 (41%) activated p53 signaling and
12 (35%) induced Parkin translocation. However, there was not a
strong correlation in compound potencies between the ROS and
Nrf2/ARE assays. This may be due to different mechanisms of com-
pound action detected in these two assays, each of which measures
some aspect of oxidative damage. Investigation of mechanisms of
action is a key step in the prioritization of chemicals for more exten-
sive toxicological assessment. Pinacyanol, a cyanine dye, was iden-
tified from the current study as a mitochondrial toxin with a
mechanism of action similar to rotenone (i.e., complex I inhibition).
Although pinacyanol has diverse applications in synthetic, analyti-
cal, and industrial fields (Ganguly and Prasad 2012), its toxicity has
not been extensively studied.

There is growing a recognition that environmental factors
may be linked to neurodegeneration risk (Pearson et al. 2016).
Recent research indicated that several inhibitors of the electron
transport chain can induce parkinsonism-like symptoms in rats
(Winklhofer and Haass 2010). Upon mitochondrial damage, the
E3 ubiquitin ligase, Parkin, is recruited to damaged mitochondria
by PINK1 (Narendra et al. 2008) to induce mitophagy. We found
that FCCP, antimycin A, and pinacyanol can activate this PINK1/
Parkin pathway, consistent with their roles in causing mitochon-
dria damage. We also observed that higher concentrations of
FCCP decreased state 3 respiration and reduced the extent of the
increases in state 4 respiration. This suggests that FCCP also
inhibits respiration at higher concentrations. However, some of
the compounds, such as rotenone and picoxystrobin, which have
been identified as mitochondria toxicants, did not induce Parkin
translocation to mitochondria. Previous studies demonstrated that
rotenone was not able to increase PINKI1 levels or induce Parkin
translocation to mitochondria (Chu et al. 2013). Picoxystrobin, a
fungicide belonging to the strobilurin group of chemicals, is used
for control of fungal diseases of agriculture products and is the
top-selling fungicide-active substance in the world with sales

Environmental Health Perspectives

077010-14

exceeding $1 billion (Uttley 2011). These chemicals have been
identified as risk factors of various brain disorders (Pearson
et al. 2016). Picoxystrobin’s fungicidal activity is mediated
through the inhibition of agricultural soil microbial respiration
activity (Stenrgd et al. 2013). In the present study, we found
that picoxystrobin decreased MMP and inhibited cellular res-
piration by blocking mitochondrial electron transport at com-
plex III. Picoxystrobin also increased the production of ROS,
and induced p53 and ARE signaling, which may be the direct
consequences of mitochondrial dysfunction.

Reducing the use of mammals in toxicity testing is one of the
goals of chemical prioritization as informed by in vitro assays.
To assess whether the in vitro assays employed here model in vivo
effects, the 34 compounds were tested for effects on larval devel-
opment and ATP content in the nematode C. elegans. Most of the
compounds (28/34, 82%) that were active in the in vitro MMP
assays were also active in the C. elegans assays, suggesting that
C. elegans models are useful tools for screening compounds
before further testing in mammalian models. The four novel
compounds—pinacyanol, lasalocid, picoxystrobin and triclo-
carban—identified in the current study as candidates for fur-
ther testing, all inhibited mitochondrial ATP levels and larval
development/growth, confirming previous findings that mito-
chondrial toxicants retard larval development in C. elegans
(Behl et al. 2016; Bess et al. 2012). Recently, Bhhatarai et al.
(2015) reported that the data generated in the in vitro MMP
assay directly correlated with data obtained in in vivo toxicity
studies in fish, Daphnia, and rats dosed by the intravenous
route, but not the oral route. Oral administration of the com-
pounds may alter the acute toxicity of compounds in mammals
due to the first pass liver effect, bioavailability, and metabo-
lism. Therefore, these novel mitochondrial toxicants should be
further evaluated for their ability to potentially cause adverse
health effects in humans.
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In summary, our study provides a strategy based on a tiered test-
ing approach that can be used to prioritize a large set of environ-
mental chemicals for testing for mitochondrial toxicity. The
mitochondrial toxicants identified in our study using this approach
should be considered high priority candidates for potential toxicity
assessment. A similar systematic prioritization strategy could also
be applied to other cellular targets and pathways in an effort to
reduce animal use while efficiently identifying toxicants and gener-
ating useful mechanistic information applicable to the understanding
of human exposure risk.
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